A study of the elecmcal performance of wafer scale integration interconnections, with an emphasis on the characteristic impedance. was completed. The study was based on closedform expressions, finite difference method models. commercially available microwave circuit analysis software, and a numerical evaluation of the Telegrapher equations. Measurements were conducted on 5-inch diameter test tkrafers which contained numerous interconnection structures. The results revealed interesting information concerning the driving-point impedances of the structures, the inadequacy of closed-form models for accurate estimation, and the need for more accurate modeling techniques.
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System designers continue to strive for denser and faster electronics that are beyond the capabilities of existing semiconductor fabrication processes. Just as the integrated circuit (IC) represents a technique that efficiently packages discrete electronic components, the emerging technologies that efficiently package entire groups of ICs on a common substrate are of keen interest. These technologies are commonly referred to as "wafer scale integration" (WSI), "complex hybrid microcircuits", and "multi-ctup modules" (MCMs).'
One challenge toward achieving a viable WSI/MCM technology involves electrical performance. A recent investigation explored the radio frequency (RF) electrical performance of WSI/MCM interconnections.2 An emphasis was placed on the characteristic impedance. Results based on closed form expressions. numerical approximations, and computer simulations were compared to the measured results.
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WSIlMCMREsm
The WSI/MCM silicon wafer substrates @inch diameter) were identically patterned with 128 transmission line sawtures that were 10 cm to 120 cm in length? These substrates were provided by the Naval Ocean Systems Center (San Diego, CA), and they were fabricated by Polycon, Inc.
(Phoenix, AZ). The supporting silicon wafer substrate, which served as a provisional ground plane, was coated with Si02 (0.5 p n thick), and up to three alternating layers of aluminum conductors (2.5 p n thick) and interlevel dielectrics (8-10 pm thick). The dielectric materials were either a polyimide or benzocyclobutene (BCB).
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THEORY
Analysis of the elecmcal performance of WSI/MCM interconnects requires a classification of their performance regime (lumped element, transmission line, and the full-wave regime) and application of the appropriate analytical technique. The most general and complicated analytical method involves a fullwave formulation which considers all propagation modes supported by the guided wave structures. Fortunately, for the largest class of problems of interest (sub-1 GHz digital systems with rise times greater than 200 psec), a full-wave analysis can usually be avoided without a significant compromise when the interconnections are shorter than 10 cm. 'Forcing' the analysis into the transmission line regime is often referred to as the quusi-static approximation. This approximation dimensionally reduces the analysis and allows simplifying concepts, such as the characteristic impedance, to be applied.2
In certain cases, further simplifications allow lumped circuit analysis techniques to be applied. One rule of thumb delineating the lumped element and transmission line regimes stipulates that a transmission line analysis should only be applied to pulsrz digital systems when ty < 2.5 tf
where ty is the 10% to 90% rise time of a pulsed digital waveform, and tf is the time-of-flight delay, given as tf = flvp where f is the length of the interconnection, and vp is the propagation velocity. The propagation velocity (vp) is, in turn, given by
where c is the velocity of light and er,eff is the effective relative dielectric constant of the medium. Using Eqs. (2) and (3). the prior 'rule of thumb' can be simplified to
where f is the clock frequency (MHz) of a digital waveform with a 50% duty cycle and a rise time equal to one-tenth of the period, and f is given in centimeters. This simple 'rule of thumb' illustrates the dilemma faced by designers of high-performance digital systems. As digital clock frequencies increase, designers will seek WSIMCM solutions to avoid nansmission line effects, and thereby limit the redesign of existing systems for transmission line performance. (6) can be expressed as
and where 5 is the complex propagation constant, V+ and V. are the amplitudes of the forward (incident) and backward (reflected) voltage wave components, and Z, is the characteristic impedance, sometimes defined as 2
where o is the angular frequency (radsec). An alternate definition of the characteristic impedance for a lossless line is where C is the capacitance per unit length o; LA; structure, and CO is the capacitance per unit length of the same structure when the dielectric material is replaced with the free space condition.
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EMBEDDED MICROSTRIP
One expression was found for the per unit length capacitance of an embedded microstrip that is based upon the direct conformal transformation of a structure with non-zero thickness.
For the case of a single conductor with non-zero width (w).
thickness (t). positioned at height (h) above a single ground plane, and embedded in a homogeneous dielectric of thickness (b), the per unit lwrgrk capacitance is estimated to be where
Eq. (11) is reported to be accurate to within one percent when (w/h) 2 1. With the capacitance known, the characteristic impedance can be found using Eq. (10).
STRIPLINES
Many expressions were found for smpline configuratlons. The simplest closed form expression for the Zo of smplines with zero thickness is given by
where K(k) is the complete ellipttc integral of the first kind, with k and k defined as
where (w) is the conductor width, and (b) is the ground plane separanon distance.
Wheeler's approximanon for single stnplines of non-zero thickness is slightly more involved and is given by 2 where w'=w+&
This expression is accurate to withm 0.5 percent when w'/(b-t)
is less than 10.
The finite difference method (FDM) was selected as an alternate method for the analysis of WSI/MCM interconnections. To implement this approach, two-dimensional transverse cross-sections of the candidate WSI/MCM structures were modeled as shown in Fig. 1 using a discretized grid in the x and y dimensions with truncated sidewalls. The FDM solution for the electrostatic potential (V) is given by
The nodes (grid points in Fig. 1 ) are mathematically formulated with simple iterative expressions.6 Given the potential distribution, the characteristic impedance is found from 2 cumely model the behavior experienced during the measurements (Fig. 3) .
A simple technique was developed to estimate a single-valued Zo from the driving point measurements by applying the same FDM simulation used to achieve the electrostatic and frequencydependent values. This technique determined a crossing frequency (fcross) where the Zo(fc-oss) of the frequencydependent simulation crossed or closely approached the value (to within 10-3) of Zo obtained from the electrostatic FDM simulation. The value of the driving point measurement of Zo=Zo(fcros) was then obtained using linear extrapolation.
The set of analytic and measured data for the characteristic impedance of the embedded microstrip and stripline structures is presented in Table II . For the stripline structure, the measured value of Z , was slightly larger than most of the analytically calculated values. For the embedded microstrip, the measured value of Z, was significantly larger than all of the calculated values. Three limitations affected the accuracies of the models evaluated: (1) the assumption of infinite conductivity of the silicon substrate so that it could be modeled as a ground plane. (2) a 20 % uncertainty in the physical dimensions of the structures, and (3) the assumption of solid ground planes (meshed ground planes were common).
J Yi
where the contour integrals Ti and yi are shown in Fig. 2 . The electric field (E) can be readily computed via a simple firstorder finite difference calculation involving the potential values.
The characteristic impedance was also calculated with the EESoft, Inc. LINECALCTM software. Interconnection structures were also modeled using the EESoft LIBRAm program.
MEASUREMENT-
This research effort also focused on measuring the characteristic impedance of selected transmission line structures on the Polycon fabricated wafers. In addition, coupling and interconncction series resistance measurements were accomplished.
The characteristic impedance measurements were performed on the test structures with an RF impedance analyzer at frequencies spanning 1-700 MHz. Microprobing was performed with C O a L i needle probes and calibrated cabling. Short-circuit (Zsc) and open-circuit (Zoc) driving point impedances were used in a common relationship to obtain the characteristic impedance (Zo):
and
DlSCUSSlON
Two interccmection structures were modeled analytically using the parameters in Table I with the same closed form expressions. FDM simulations were also implemented. As predicted by Eq. (16). the product of the open-and short-circuit driving point impedances is a constant, but the actual measurements revealed a frequency-dependent behavior (Fig. 3) . This behavior was simulated analytically by extracting the R, L, G, and C parameters of the associated transmission line structure and applying Eqs. ( 5 ) and (6) at a set of discrete frequencies. In this simulation, the leakage conductance (G) was assumed to be zero, and the series loss resistance (R) was estimated from
where p is the resistivjty of the aluminum conductor (2.8 x 10-6 ohm-cm). and t and A are its length and transverse cross-sectional area, respectively. The capacitance (C) was extracted from the &;vi simulation, and the inductance (L) was obtained from 2
Small amounts of random noise and the series loss of the interconnections were introduced into the simulation to more ac- 
